suberoylanilide hydroxamic acid ͉ multiple myeloma ͉ Myc ͉ RNA polymerase C hromatin structure plays a major role in regulating the expression of the genetic information encoded in DNA (1) . DNA is packaged into nucleosomes, the repeating units of chromatin, composed of Ϸ146 base pairs of two superhelical turns of DNA wrapped around an octamer core of pairs of histones, H2A, H2B, H3, and H4. There is increasing evidence for the importance of covalent, posttranslational modifications in gene regulation. These modifications include acetylation of lysines, methylation of lysines and arginines, and phosphorylation of serines (2) (3) (4) . Accumulation of acetylated histones is associated with a neutralization of the lysine-positive charge leading to an alteration in chromatin conformation, which may provide for greater access to promoter regions of genes for transcription factor complexes (5) .
Histone deacetylases (HDACs) and histone acetyltransferases are the enzymes that determine, in part, the pattern of histone acetylation (6) (7) (8) (9) . The pattern of acetylation of histones as well as the pattern of methylation and phosphorylation of histones may represent a ''code'' that is recognized by non-histone complexes involved in the regulation of gene expression (1) (2) (3) (10) (11) (12) .
A number of chemically diverse agents have been discovered, including the hydroxamic acids suberoylanilide hydroxamic acid (SAHA) (13) and trichostatin A (TSA) (14) , which inhibit HDAC activity. Crystallographic analysis has shown that SAHA and TSA interact directly with the catalytic site of HDAC like protein and inhibit its enzymatic activity (15) . Inhibiting HDAC activity with SAHA and related agents alters gene expression, but, contrary to what might be anticipated by the wide distribution of HDACs in chromatin, there is not a global alteration in gene transcription. Rather, inhibition of HDAC activity by SAHA or TSA results in an increase or decrease in expression of a limited number of genes, Ϸ2-5% of expressed genes in various transformed cell lines (16) (17) (18) (19) (20) (21) (22) (23) . Among these genes, p21 WAF1 is selectively increased in its expression in several types of transformed cells cultured with SAHA or TSA (17, 18, (21) (22) (23) . The HDAC inhibitor (HDACi)-induced increase in p21 WAF1 expression appears to play a major role in arresting transformed cell growth. Our previous studies found that the increase in p21 WAF1 transcription is associated with accumulation of acetylation of the gene-associated histones (17) . Furthermore, alteration of the chromatin structure in the transcribed region of a gene has been shown to be associated with induced expression of that gene by transcription factor complexes containing RNA polymerase II (24, 25) .
There are three classes of HDAC enzymes. Class I deacetylases include HDACs 1, 2, 3, and 8, are related to yeast RPD3 deacetylase, and have molecular masses of 22-55 kDa. Class II deacetylases include HDACs 4, 5, 6, 7, 9, and 10, are related to yeast Hda1 deacetylase, and have molecular masses of 120-130 kDa (26) (27) (28) . HDAC 11 contains conserved residues in the catalytic core region shared by both class I and II enzymes. The third class of HDACs are the nicotine adenine dinucleotidedependent Sir 2 family of deacetylases, which differ from class I and II HDACs in that they are not inhibited by TSA, SAHA, or related compounds (28) . There is now abundant evidence that HDACs are not redundant in function. For example, class I HDACs are found almost exclusively in the nucleus, whereas class II HDACs shuttle between the nucleus and cytoplasm on certain cellular signals (7, 28, 29) . Targeted disruption of HDAC1 results in embryonic lethality despite increased expression of HDACs 2 and 3 (29) . Alterations in histone acetyltransferases and HDACs occur in many cancers (30) (31) (32) (33) .
A broad spectrum of transformed cells are sensitive to SAHAinduced growth inhibition in in vitro and in vivo studies (8, 27, 28) . Tumor cells are much more sensitive to SAHA than are normal cells (34) . SAHA is in phase I and II clinical trials for the treatment of various cancers and has shown anticancer activity at doses that are well tolerated by patients (35, 36) . These preclinical results and the clinical trials showed that SAHA targeted transformed cells in preference to normal cells.
In the present study using a human multiple myeloma cell line, ARP-1, we have examined the changes in the p21 WAF1 promoter caused by SAHA. This gene is expressed at low or almost undetectable levels in ARP-1 cells and is rapidly induced by SAHA. The HDACi caused changes in the acetylation and methylation of p21 WAF1 promoter-associated histones and increased the DNase I sensitivity and restriction enzyme accessi-bility of the gene. There was a marked decrease in HDAC1 and Myc and an increase in RNA polymerase II in the protein complex bound to the proximal region of the p21 WAF1 promoter region. The alterations in the protein complexes associated with the promoter region of p21 WAF1 occurred within 3 h of culture of ARP-1 cells with SAHA, as did the increase in p21 WAF1 mRNA and protein. The p27 KIPI gene is actively expressed and the -globin gene is silent in ARP-1 cells, and the expression of neither gene is altered by HDACi, nor are the patterns of acetylation or methylation of the histones H3 and H4 associated with these genes. These findings may describe the basis of the selective effect of SAHA in altering gene expression, and, in turn, on inducing growth arrest of tumor cells.
Experimental Procedures
Cell Culture. The human multiple myeloma cell line ARP-1 was generously provided by J. Hardoc (Arkansas Cancer Research Center, Little Rock). ARP-1 cells were cultured in RPMI medium 1640 as described (37) . Cells were grown in suspension and subcultured every 3-4 days in complete RPMI medium 1640 and seeded at a density of 2 ϫ 10 5 cells per ml for cultures with SAHA (in concentrations indicated) (13) . Cell density and viability were determined as described (38) .
Histone Isolation and Immunoblotting Analyses. ARP-1 cells (1 ϫ 10 7 ) were cultured without or with different concentrations of SAHA for the indicated times. The cells were recovered by centrifugation, and core histone proteins were extracted as described (13) . Histone concentration was determined by using Bio-Rad reagent according to the manufacturer's protocol (1 g of total histone protein was used for analysis on SDS͞15% PAGE gels) (39) . Multiple gels were run simultaneously for Western blot analysis and gel code staining (Pierce) that was used as a histone protein-loading control (40) . Histone proteins were transferred from gels to Hybond-P nylon membranes (Amersham Pharmacia Biotech) and analyzed with specific histone antibodies. The signal of the horseradish peroxidaseconjugated secondary antibody was detected by using SuperSignal West Pico detection system (Pierce).
Antibodies. The antibodies to the acetylated, methylated, and phosphorylated histones were purchased from Upstate Biotechnology (Lake Placid, NY). The following antibodies were used in this study (their catalog numbers are indicated): antidiacetylated histone H3 (H3, K9͞K14, 06-599); anti-tetraacetylated H4 (H4, K5͞8͞12͞16, 06-866); anti-H3 acetylated K9 (06-942); anti-H3 acetylated K14 (06-911); anti-H4 acetylated K5, K8, K12, and K16 (06-759, 06-760, and 06-762, respectively); anti-H3 phosphorylated S10 (06-570); anti-H3 phosphorylated S10 plus acetylated K14 (067-081); anti-H3 methylated K4 (07-030); and anti-H3 methylated K9 (07-212). Anti-HDAC-1 was purchased from Upstate Biotechnology, and anti-HDAC2 (382153) was obtained from Calbiochem (San Diego). Anti-Sp1 (sc14027x), anti-myc (sc-51764), anti-RNA polymerase II (sc-899), barrier-to-autointegration factor 155 (10756X), anti-brmrelated gene 1 (sc-10768X), anti-cAMP-responsive element binding protein (CREB)-binding protein (sc-7300X), anti-p300 (sc-584X), and anti-GCN5 (sc-20698) antibodies were purchased from Santa Cruz Biotechnology.
Nuclear Extract Preparation and Protein Analyses. For analysis of non-histone proteins, nuclear extract preparations were performed as described in ref. 40 . Nuclear proteins were analyzed by immunoblotting (39) with specific primary antibodies and horseradish peroxidase-labeled secondary antibody as described above.
RNA Isolation and Northern Blotting. ARP-1 cells were cultured and recovered by centrifugation, and RNA was prepared as described (13) . Northern blot hybridizations were performed by using a Chromatin was broken to the average size, 400 bp, by sonication (Fisher). ChIP and PCR amplification were performed as described, except that 27 PCR cycles were performed for histone ChIP samples and 32 PCR cycles were performed for the samples of transcriptional factor ChIPs. The products of 80-to 100-bp amplicons were electrophoresed in 8% native polyacrylamide gels, and the signals were quantitated on a PhosphorImager by using IMAGEQUANT software as described (41) .
Primers for p21 Gene PCR Amplification in ChIP Assays. Nine polynucleotide primer pairs were designed from far upstream of the promoter region to downstream of the transcriptional initiation site of the p21 WAF1 gene. For p27 KIP1 gene ChIP assays, the primer pairs used were p27 KIP1 BU (from Ϫ1392 to Ϫ1412; TACAATCCCGGGAAA-GAACA) and p27 KIP1 BD (from Ϫ1320 to Ϫ1339; GATCTTC-CTTCCCAAGCACA).
For -globin gene promoter ChIP assays, the primer pair used were CACAGGTCATTGACCAATGACT (sense) and TTAT-TCTTTACTGCCGAAGTTCTGG (antisense) (41) . Restriction Enzyme Accessibility Assay. A restriction enzyme accessibility assay was performed as described (42) . Briefly, ARP-1 cells were harvested, and 1.5 ϫ 10 7 nuclei of ARP-1 cells were prepared and digested with selected restriction enzymes as indicated (New England Biolabs) at 37°C for 30 min. The reactions were stopped, and DNA was extracted and dissolved in 400 l of TE buffer and used for Southern blot analysis. About 100 l of DNA was further digested with SacI to produce the parental band. Southern blot membrane was blotted with a 360-bp 32 P-labeled SacI Taft II DNA fragment. The signal of Southern blot analysis was quantitated by using a PhosphorImager and IMAGEQUANT (Molecular Dynamics). (Fig. 1A) and mRNA levels in ARP-1 cells (Fig. 1B) . The increase in p21 WAF1 mRNA and protein was detected within 1 h of onset of culture. There was no detectable increase in ␣-tubulin protein, or in the level of p27 KIP1 mRNA (Fig. 1), actin mRNA, or -globin mRNA  (data not shown) .
Results

SAHA
ARP-1 cells cultured with SAHA for 18-24 h or more undergo apoptosis. In culture with 1.0 or 2.0 M SAHA, 70% and Ն90% of APR-1 cells had undergone apoptosis by 24 and 48 h, respectively (data not shown).
SAHA-Induced Acetylation of Histone H3 and H4 Associated with the p21 WAF1 Gene. Previous studies demonstrated that SAHA, as well as other HDACi, induce the accumulation of acetylated histones in both transformed and normal cells (8, 17, 22, 43) . To determine the effect of SAHA on the pattern of acetylation and methylation of histones associated with the p21 WAF1 gene, we used nine primers complementary to the promoter region (Ϫ3,841 bp) to downstream of transcriptional start site (ϩ7,438 bp) (Fig. 2A) . Employing ChIP assays, we found that SAHA (2 M) induced an increase in acetylated histones H3 and H4 in regions corresponding to Ϫ3,841 bp upstream to ϩ7,438 bp downstream of the transcriptional initiation site the p21 WAF1 gene (Fig. 2 B-D) . The level of accumulation of acetylated histone H3 and H4 appeared to be highest in the region Ϫ338 bp upstream to ϩ362 bp downstream of the transcriptional initiation site (regions that include Sp1 binding sites, TATA box, and transcriptional initiation site).
SAHA-Induced Posttranslational Modifications of Histones H3 and H4
Associated with the p21 WAF1 Gene. We next examined the patterns of acetylation and methylation of specific lysines in N-terminal tails of histones H3 and H4 associated with the p21 WAF1 gene of ARP-1 cells cultured with 2 M SAHA for up to 24 h. In these studies, we first determined the effect of SAHA on the genomewide histones. SAHA caused an increase in accumulation of acetylated lysine 9 and 14 of H3 after 2 h, reaching peak levels at 16 h (Fig. 3A) . Accumulation of acetylated lysines 5, 8, and 12 of H4 were detected by 1 h and increased to peak levels by 4-8 h. Lysine 4 of H3 was methylated in cells cultured without HDACi. SAHA increased the level of dimethylation of lysine 4 of H3 over the 24-h period of culture (Fig. 3A ). SAHA also increased the level of trimethylation of lysine 4 of H3. There was little or no detectable methylation of this lysine in cells without The membrane was hybridized with a 32 P-labeled 695-bp p21 WAF1 cDNA probe, then stripped and rehybridized with a 32 P-labeled 383-bp PstI-digested p27 KIP1 cDNA probe and a 32 P-labeled 50-mer 18S rRNA oligonucleotide probe sequentially. SAHA. The global histone acetylation and methylation patterns reflect the entire genome-associated histones.
We then examined the p21 WAF1 promoter-associated pattern of lysine acetylation and methylation in the histones H3 and H4. Two primer pairs were used in ChIP amplification assays; one corresponded to Ϫ33 bp to ϩ47 bp covering the TATA box and close to Sp1 binding site, referred to as the proximal promoter region (Fig. 2 A; see also Experimental Procedures). The other primer pair corresponded to Ϫ1,684 bp to Ϫ1,604 bp upstream of transcriptional initiation site, close to a p53 consensus sequence referred to as the distal promoter region (Fig. 2 A) . Within 1 h of culture with 2 M SAHA there was an increase in expression of the p21 WAF1 gene (Fig. 1) , associated with an increase in the level of acetylation of lysines 9 and 14 of H3 and lysines 5, 8, and 12 of H4 in both the proximal and distal promoter regions of the p21 WAF1 gene. Higher levels of acetylation of lysines 9 and 14 of H3 and lysines 5, 8, and 12 of H4 occurred earlier in the proximal promoter region than in the distal promoter region or in the global histones (Fig. 3 A-C) .
The p27 KIPI gene is actively expressed in ARP-1 cells, and the HDACi does not alter its expression. Lysines 9 and 14 of H3 and lysines 8 and 12 of H4 were acetylated, and lysine 4 of H3 was methylated, in histones associated with the p27 KIPI promoter before culture with SAHA. The HDACi did not alter this pattern of posttranslational modification of the histones (Fig. 3D) .
The -globin gene is not expressed in ARP-1 cells, and the HDACi does not induce expression of this gene (data not shown). In ARP-1 cells cultured without SAHA, in the -globinassociated histones, there was no detectable acetylation of lysine 9 of H3. Lysine 14 of histone H3 and lysine 8 of histone H4 were acetylated, and lysine 4 of histone H3 was methylated. Culture with 2 M SAHA for up to 24 h did not alter these patterns of histone acetylation and methylation (Fig. 3E) .
Taken together, these findings indicate that SAHA selectively alters the pattern of posttranslational modification of lysines of H3 and H4 associated with the p21 WAF1 promoter. Such selective changes in histone modifications could play an important role in the induction of p21 WAF1 expression by the HDACi.
SAHA Causes Increased DNase I Sensitivity and Restriction Enzyme
Accessibility of p21 WAF1 Promoter Region. Acetylation of histone proteins neutralizes the positive charge on lysine residues, which presumably leads to a more ''open'' chromatin structure (1) . We examined this question by determining the effect of SAHA on the DNase I sensitivity of the p21 WAF1 gene. The DNase 1 sensitivity of the p21 WAF1 gene of ARP-1 cells cultured without and with 2 M SAHA for 3 h was assayed by digesting nuclei with increasing amounts of DNase I (Fig. 4B) . SAHA caused an increased sensitivity of the p21 WAF1 gene to DNase I. At 4 l of DNase I (420 units͞ml), the p21 WAF1 DNA from cells cultured with SAHA was completely digested compared with partial digestion of the DNA from control cells. At 1 and 2 l of DNase I, the DNA of the p21 WAF1 gene from cells cultured with SAHA showed greater amounts of digestion than did controls.
The p27 KIPI DNA isolated from ARP-1 cells cultured without or with SAHA for 3 h showed similar patterns of sensitivity to digestion by DNase I (Fig. 4C) . These results suggest that SAHA leads to a more open chromatin structure in the p21 WAF1 gene associated with induction of its transcription. SAHA did not alter the accessibility of the p27 KIPI gene to DNase, a gene being actively transcribed in ARP-1 cells.
To further define the effect of SAHA on p21 WAF1 chromatin structure, we examined the sensitivity of the gene to several restriction enzymes. Seven restriction enzymes were used that had recognition sites from Ϫ1,882 bp upstream to downstream of the transcriptional start site of the p21 WAF1 gene (Fig. 4A) . SAHA increased the sensitivity of the p21 WAF1 gene to restriction enzymes for sites Ϫ643 bp upstream (EcoNI, BanI, and BstX I) to downstream (BanI) of the transcriptional start site (Fig. 4 A  and D) . SAHA did not alter the sensitivity at AflII, the upstream site. These data further indicate that SAHA induces a more open structure of chromatin in the region of the p21 WAF1 gene.
SAHA Induces Alterations in the Components of p21 WAF1 -Associated
Proteins. We next examined whether SAHA caused changes in the components of the protein complexes bound to the p21 WAF1 promoter that might be involved in the HDACi-induced transcription of the gene. Using the ChIP assay, we found that SAHA caused an Ϸ85% decrease in HDAC1 protein bound to the p21 WAF1 promoter region (Fig. 5A) . There was no detectable difference in the amount of HDAC1 protein in the nuclear lysates of cells cultured without or with SAHA (Fig. 5B) . There was little decrease in HDAC2 in the promoter-bound proteins. SAHA also induced a marked decrease in c-myc protein and a Ͼ4-fold increase in RNA polymerase II associated with the p21 WAF1 promoter-bound proteins. SAHA did not alter the amount of histone acetyltransferases, GCN5 or p300, or the amount of the chromatin remodeling factor, barrier-toautointegration factor 155 (BAF155), but there was a decrease in brm-related gene 1 (Brg1), another chromatin remodeling factor associated with p21 WAF1 promoter. There was no detectable difference in the levels of Myc, BAF155, Brg-1, GCN5, p300, or RNA polymerase II proteins in the nuclear lysates of cells cultured without or with SAHA (Fig. 5B) .
Discussion
The HDACi SAHA rapidly induces the expression of p21 WAF1 but does not alter the expression of p27 KIPI , ␣-tubulin, or actin genes or induce the expression of the -globin gene in ARP-1 cells, a human multiple myeloma cell line. In this study, we found that SAHA rapidly induced changes in the p21 WAF1 gene and associated proteins (including acetylation of lysines 9 and 14 of histone H3 and lysines 5, 8, and 12 of histone H4), increased the sensitivity of the gene to DNase I, and increased accessibility to restriction enzymes. Lysine 4 of H3 associated with the p21 WAF1 gene was methylated in cells before and during culture with SAHA.
The p27 KIPI gene is actively transcribed in ARP-1 cells and is not altered in its expression by SAHA. The pattern of p27 KIPI promoter-associated acetylation and methylation of histone H3 and H4 was not altered by the HDACi. Histone H3 was methylated at lysine 4 and acetylated at lysine 9 before culture with SAHA. The -globin gene is silent in ARP-1 cells and is not induced by the HDACi. SAHA did not induce a change in the pattern of acetylation or methylation of histones H3 or H4 associated with the -globin gene promoter. Furthermore, the changes detected in acetylation in the p21
WAF1
-associated histones were not reflected in the genome-wide pattern of histone modifications. The acetylation of histone lysine residues and consequent neutralization of the basic lysine charge was associ- SAHA induced the acetylation of H3 lysine 9, whereas H3 lysine 4 methylation was not altered in the p21 WAF1 promoterassociated histones. The present findings are of particular interest in that methylation of H3 lysine 9 has been reported to be largely associated with repression of gene expression, whereas methylation of H3 lysine 4 is often associated with active gene expression (44) . It has been hypothesized that histone modifications acting alone, sequentially, or in combination moderate the code recognized by non-histone protein complexes that regulate gene expression (2-4, 10-12, 44 ). HDACs do not bind directly to DNA but are recruited to DNA by multiprotein complexes (7) . In analyzing the components of the protein complex bound to the proximal promoter region of the p21 WAF1 gene, we found that SAHA caused disassociation of HDAC1 from the promoter within 3 h of culture. There was no detectable change in HDAC1 protein in the nuclear lysates. This loss of HDAC1 may play a role in SAHA-induced increase in acetylation of the histones.
SAHA caused other changes in the composition of the protein bound to the proximal region of the p21 WAF1 promoter that are consistent with induced expression of the gene. There was marked decrease in c-myc protein. It has been shown that c-myc can be recruited directly to the p21 WAF1 promoter by Miz-1 and blocks the induction of the gene by various activators (45) . There was also the rapid recruitment of RNA polymerase II, increasing 3-fold within 1 h and 4-fold by 3 h of culture with inducer. The HDACi-induced decrease in c-myc and recruitment of RNA polymerase II are likely major factors leading to the rapid increase in expression of the p21 WAF1 gene. Although HDACs are broadly distributed in the chromatin of tumor and normal cells, the HDACi SAHA has shown marked selectivity against cancer cells compared with normal cells. SAHA induces growth arrest, differentiation, or apoptosis of tumor cells in culture at concentrations that have no toxicity for normal cells (34) . SAHA inhibits cancer cell growth in tumor-bearing animals with little or no toxicity (28, 38, 43, 46) and has significant anticancer activity in clinical trials at doses well tolerated by patients (35, 36) . One can speculate that the selective effect of SAHA on inducing a gene such as p21 WAF1 whose expression is suppressed in many tumor cells explains, in part, the favorable therapeutic index of SAHA.
